Introduction
Arsenic (As), a toxic metalloid, is ubiquitous in the environment, which results from both natural and anthropogenic sources (Abernathy et al., 2003) . Due to its toxicity and carcinogenicity, As contamination in soils poses a potential risk to public health (Zhao et al., 2010) . Therefore, it is necessary to develop remediation strategies to reduce its effects on ecosystems and humans.
Phytoremediation is a promising technology to remove As from soils, which is cost-effective and environment-friendly compared to traditional remediation methods. Arsenic hyperaccumulator Pteris vittata (PV) has a potential to be used for phytoremediation in As-contaminated soils, which accumulates up to 2.3% As in the fronds (Ma et al., 2001 ). However, most hyperaccumulators are unsuitable for phytoremediation due to their low biomass and low As uptake (Lebeau et al., 2008) . So plant-associated microbes have attracted attention for their roles in promoting plant growth and enhancing metal resistance in contaminated soils (Glick, 2010) .
Endophytic bacteria (endophytes) colonize the internal plant tissues with little negative effects on their host (Schulz and Boyle, 2006) . They help to promote plant growth under adverse conditions and have potential to improve phytoremediation (Ryan et al., 2008) . Their beneficial effects on plant growth have been attributed to their ability in indole acetic acid (IAA) synthesis, siderophore production, and phosphate solubilization (Rajkumar et al., 2009) . While IAA helps plant growth, siderophores solubilize Fe from soils to enhance plant Fe uptake. Many endophytic bacteria from hyperaccumulators have shown plant growth promotion (PGP) characteristics. For example, Luo et al. (2011) isolated 30 endophytes from Cd-hyperaccumulator Solanum nigrum from a mine tailing, with 70% strains producing IAA at 1.60e122 mg L À1 and 8 strains solubilizing phosphate at 22e400 mg L
À1
. Visioli et al. (2014) isolated 5 endophytes from Ni-hyperaccumulator Noccaea caerulescens, showing ability of siderophore production. However, endophytes isolated from PV grown in clean soils by Zhu et al. (2014) showed limited PGP characteristics. It is possible that PGP ability of a plant is related to its metal resistance. Therefore it is necessary to isolate and characterize As-resistant endophytic bacteria from PV grown in As-contaminated soils.
Besides PGP traits, endophytes exhibit high resistance to metal stress, which helps to alleviate metal phytotoxicity and improve plant growth (Sessitsch et al., 2013) . Since hyperaccumulators have high metal concentrations in their biomass, endophytes probably have developed mechanisms to adapt to high metal stress (Idris et al., 2004) . For instance, Long et al. (2011) found endophyte from Sedum alfredii tolerated Zn and Cd while endophytes from hyperaccumulators Thlaspi goesingense, Alyssum bertolonii, and S. nigrum showed high tolerance to Ni and Cd (Barzanti et al., 2007; Idris et al., 2004; Luo et al., 2011) .
However, only one study focused on endophytes from PV growing in a clean soil (Zhu et al., 2014) . It is known that microbial composition and diversity are affected by soil As contamination. Furthermore, endophytes from hyperaccumulators growing in contaminated soils are probably more tolerant to metals than those from clean soils. Zhu et al. (2014) found that the ability of PV endophytes to reduce AsV and oxidize AsIII was related to their As tolerance. Nevertheless, the study had limited number of PV endophytes. In addition, rhizosphere bacteria of PV have been investigated for their As resistance and As transformation, some rhizobacteria showed a dual function of AsIII oxidation and AsV reduction (Ghosh et al., 2011; Huang et al., 2010; Wang et al., 2012) . However, there is limited information on endophytes associated with PV and their roles in As tolerance and transformation.
The objectives of this study were to: (1) isolate and characterize As-resistant endophytic bacteria from PV grown in a soil containing 200 mg kg À1 AsV, and (2) explore the relationship between bacterial ability in As resistance and As transformation. The results from these investigations are important for better understanding As tolerance and transformation mechanisms in As-resistant endophytes and help to improve phytoremediation of Ascontaminated soils.
Materials and methods

Plant cultivation in As-spiked soils
To obtain endophytic bacteria with high As-resistance, PV plants were grown in a soil containing 200 mg kg À1 AsV for 60 d (Xu et al., 2014) . The plants were propagated using spores from University of Florida, Gainesville, USA. The spores were sown onto a moist soil (40% soil, 40% peat moss, and 20% quartz sand) in seedling boxes with a transparent cover to maintain moisture. After spores were germinated and developed to sporelings with 2e3 fronds, they were transplanted into plastic pots with 10 cm diameter. They were cultivated until they had 5À6 fronds and~10 cm in height before transplant. Surface soil (0e15 cm) was collected from Nanjing, China. The soil properties were as follows: pH 7.02, 0.98% OC, 6.79 mg kg À1 As, 673 mg kg À1 Mn, and 27.5 g kg À1 Fe (Xu et al., 2014 . The plants were watered daily as required and grew for 60 d before being harvested.
Isolation of As-resistant endophytic bacteria
Three PV plants were collected and washed thoroughly with Milli-Q water, and then separated into the roots, stems and leaflets, which are referred to as R, S and L for their location. The endophytic bacteria were isolated according to Zhu et al. (2014) . The tissues were surface-sterilized by sequential immersion in 70% ethanol and 2% sodium hypochlorite solution for 30 min, and then rinsed thoroughly with sterile distilled water. To validate surface disinfection, 100 mL of final washing water was plated onto LuriaeBertani (LB) agar media, followed by incubation at 28 C for 3 d and the plates showed no microbe.
The surface-sterilized plant tissues were macerated in a sterile mortar containing 10 mL sterile phosphate buffered saline (pH 7.2), and ground with a sterile pestle. Meanwhile, sterile quartz sand was added to improve cell wall disruption. Tissue extracts (100 mL) and their serial dilutions were plated onto modified LB agar media (Ghosh et al., 2011) supplemented with 10 mM As (Na 2 HAsO 4 $7H 2 O). After incubation at 28 C for 7 d, colonies with different morphologies were picked out and purified by re-streaking onto the modified LB agar media. The isolate colony was ensured to reach morphologically homogenous. All purified bacteria were stored in 15% glycerol at À80 C until analyses.
Identification of As-resistant endophytic bacteria
The bacterial isolates were cultured overnight in LB broth and then extracted for genomic DNA by an EZNA ® Bacterial DNA Kit (Omega BioÀTek, USA). The quantity and quality of the extracted DNA were determined by a Nanodrop NDÀ2000 Spectrophotometer (NanoDrop Co., USA). Further identification was carried out through PCR amplification of 16S rRNA following Zhu et al. (2014) . The amplification primers were 27F (5 0 ÀGAGTTTGATCACTGGCTCAGÀ3 0 ) and 1492R (5 0 ÀTACGGCTACCTTGTTACGACTTÀ3 0 ) (Zhu et al., 2014) . PCR products were examined electrophoretically in a 1.5% (w/v) agarose gel. The amplified products of~1400 bp 16S rRNA were sequenced by Sangon Biotechnology Company (Shanghai, China). To check similarities, the isolate sequence was compared with nucleotide sequences in the NCBI database using the Basic Local Alignment Search Tool (BLAST). The neighbor-joining phylogenetic tree was constructed by software MEGA5.1 with 1000 replicates to produce bootstrap values. The sequences of all isolates in this study were submitted to the NCBI GenBank database. The accession numbers are from KP072747 to KP072769 and from KP125967 to KP125976.
Determination of plant growth promoting properties
The bacterial isolates were activated at 28 C and 200 rpm by shaking incubators. To evaluate growth, the optical density at 600 nm (OD 600 ) of cultures was measured by a UVevis spectrophotometer (UVÀ2550, Shimadzu, Japan). After incubation, OD 600 of the cultures was~1.5 and then adjusted to the same level for inoculation. All experiments were performed on sterile conditions and in triplicate. Treatment without bacterial isolates was included as a control. National Botanical Research Institute's phosphate (NBRIP) growth medium was used to determine phosphate solubilizing ability of the isolates (Luo et al., 2011) 
, and amended with 5 g L À1 Ca 3 (PO 4 ) 2 (pH 6.8e7.0). 20 mL NBRIP medium was inoculated with 0.2 mL cultures followed by incubation in a shaker at 28 C, 200 rpm for 8 d. The culture supernatant was obtained by centrifuging at 4000 g for 15 min and the solubilized phosphate was measured spectrophotometrically at 880 nm using the modified molybdenum blue method. Production of IAA was analyzed in sucrose minimal salts (SMS) medium (Sheng et al., 2008) . 0.2 mL isolate was cultured in 20 mL SMS medium consisting of 10 g
2). After incubation at 28 C, 200 rpm for 4 d, 1 mL supernatant was collected by centrifugation at 4000 g for 15 min and then mixed thoroughly with 2 mL Salkowski's reagent (50 mL of 35% HClO 4 þ 1 mL of 0.5 M FeCl 3 ). The mixture was incubated at room temperature for 40 min until a stable pink color occurred, followed by measuring absorbance at 530 nm. Chrome azuroleS (CAS) analytical method was used to determine siderophore production (Chen et al., 2010) . Briefly, 0.2 mL isolate was cultivated at 28 C, 200 rpm for 2 d in the modified sucrose aspartic acid medium containing 20 g
After centrifuging at 4000 g for 15 min, 1 mL supernatant was collected and mixed thoroughly with 1 mL CAS solution. The supernatant in uninoculated media was used as a control. Following by 3 h incubation in the dark at room temperature, the absorbance at 630 nm was detected and the value was compared with OD 630 of the control reference (l/l 0 ), which represented siderophore production.
Arsenic resistance and transformation by endophytes
All cultivable isolates were tested for their As resistance by inoculation in modified LB liquid media spiked with 10 mM AsV (Na 2 HAsO 4 $7H 2 O) or AsIII (NaAsO 2 ). After incubation at 28 C and 200 rpm for 2 d, the cultures were collected and determined for their OD 600 . The media without microbes were used as a control. As resistance by endophytes was indicated by bacterial growth in Asmedia compared to that in the control.
To further examine As transformation by endophytes, 10 endophytes from roots (R), stems (S), and leaflets (L) (R01, R07, R15, S09, S10, S12, S13, L01, L02, and L11) with different As tolerance were cultured in modified LB liquid media with 10 mM AsV or AsIII at 28 C and 200 rpm for 2 d. The supernatants of cultures were collected and analyzed for AsV and AsIII using high performance liquid chromatography (HPLC; Waters 2695, USA) coupled with inductively coupled plasma mass spectrometry (ICPÀMS; PerkinElmer NexION 300X, USA). The media without microbes were used as control and all experiments were conducted in triplicate.
Statistical analysis
Statistical analysis was performed according to the linear model procedure of the statistical analysis system (SAS, 1985) . The data were processed using analysis of variance (ANOVA). To examine the statistical significance of differences (P < 0.05) between means, the Tukey test was performed. Simple linear correlations between As resistance and transformation were established by SigmaPlot 12.5.
Results and discussion
3.1. High diversity of As-resistant endophytic bacteria from PV To obtain As-resistant endophytic bacteria from PV, only endophytes survived at 10 mM AsV were isolated and characterized. Based on their morphological characteristics, 43 As-resistant endophytes were isolated, with even distribution among PV roots, stems, and leaflets (15, 13 and 15) (data not shown). Though the total number of endophytes was similar to Zhu et al. (2014) who isolated 39 endophytes from PV growing in a clean soil, the endophyte distribution in tissues was different. Zhu et al. (2014) showed that the roots have the most endophytes at 20, with 9 and 12 endophytes from the stems and leaflets.
The endophytes were identified by 16S rRNA sequencing and analyzed for their phylogenetic relationship. For As-resistant endophytes from PV, a high diversity was observed including 4 phyla and 17 genera (Fig. 1) . Proteobacteria (47%) and Actinobacteria (42%) were the most dominant, followed by Bacteroidetes (9.3%) and Firmicutes (2.3%) (Fig. 1) . Similarly, the 30 Cd-resistant endophytes from Cd hyperaccumulator S. nigrum were also from these 4 phyla, including Actinobacteria (43%), Bacteroidetes (27%), Proteobacteria (23%), and Firmicutes (7%) (Luo et al., 2011) . The Ni-resistant endophytes from the roots of Ni hyperaccumulator N. caerulescens consisted of Firmicutes (41%), Actinobacteria (35%), Proteobacteria (12%), and Bacteroidetes (12%) (Visioli et al., 2014) . These results suggested most metal-resistant endophytes belong to these 4 phyla including Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes though the proportion varied with metal hyperaccumulators. The As-resistant endophytes from PV were from 17 genera, which was much more than the 2 genera of As-resistant endophytes isolated from PV growing in a clean soil by Zhu et al. (2014) . It is possible that bacteria were acclimatized in As-contaminated soil in PV rhizosphere before their internal colonization to plants. In addition, the soil in this study was from Nanjing, China whereas the one in Zhu et al. (2014) was from Tianjin, China. The soil use history may have affected bacteria species. The endophytes in this study were mainly consisted of Brevundimonas sp. (28%) (Fig. 2) . In addition, Rhodococcus sp. (12%), Microbacterium sp. (9.3%), and Flavobacterium sp. (7.0%) made up a significant part with the remaining 44% from 13 genus (Fig. 2) . Several genera, like Rhodococcus, Microbacterium, Flavobacterium, Acinetobacter, Arthrobacter, Pseudomonas, Bacillus, and Chryseobacterium, have been reported as metal-resistant endophytes from other hyperaccumulators (Barzanti et al., 2007; Chen et al., 2010; Idris et al., 2004; Luo et al., 2011) .
In PV roots, Brevundimonas sp. (20%), Microbacterium sp. (20%), and Stenotrophomonas sp. (13%) ( Fig. 2A) (Fig. 2B and C) . Brevundimonas sp. was the dominant genus for all three PV tissues. Although limited information is available regarding As tolerance in Brevundimonas sp., they were tolerant in this study (R08, S04, L11, and L13 in Fig. 3) . Brevundimonas sp. belongs to the class Proteobacteria, which has been shown to contain Asresistant bacteria (Janssen, 2006) . Among three PV tissues, Bacillus sp. was present only in the roots. However, all endophytes in three PV tissues except two are from Bacillus sp. in Zhu et al. (2014) . The difference was probably attributed to the two different soils used in the studies, which affected the associated bacteria. Some unique genera existed for a given tissue, Stenotrophomonas sp. and Bacillus sp. in the roots; Agrococcus sp., Micrococcus sp., and Nocardioides sp. in the stems, and Chryseobacterium sp., Kocuria sp., and Leifsonia sp. in the leaflets. It will be interesting to examine why they existed only in a specific tissue. 
As-resistant endophytes with plant growth promoting characteristics
Endophytes with PGP characteristics benefit plant growth and increase their metal resistance growing in contaminated sites (Long et al., 2011; Sheng et al., 2008) . Endophytes are mostly from soils with some from phyllosphere (Rajkumar et al., 2009) . In this study, all endophytes showed at least one PGP property and 33% showed all three traits (Table 1 ). All endophytes showed ability to synthesize IAA while 58% and 51% of endophytes showed ability to produce siderophore and solubilize Ca 3 (PO 4 ) 2 .
The endophytes produced 2.43e32.4 mg L À1 IAA, with S07 from PV stem producing the highest (Table 1) . These were greater than those reported by Zhu et al. (2014) , showing 0.2e10.8 mg L À1 IAA. Though 58% of the endophytes produced siderophore, the levels were low at 0.59e0.96, with the highest from S04 at 0.59, which was moderate. However, the endophytes showed no ability in producing siderophore in Zhu et al. (2014) . The data suggested that As-resistant endophytes produced some IAA, but were not efficient producers of siderophore. In addition, over half of the endophytes were able to solubilize sparingly-soluble P mineral Ca 3 (PO 4 ) 2 at 3.1e187 mg L
À1
, of which 3 endophytes solubilized over 100 mg L À1 P, including S06, R05 and S05 (Table 1) . They were considered efficient P solubilizer (Rajkumar et al., 2009) . Phosphate solubilizing endophytes were from all three tissues, with PV roots, stems, and leaflet endophytes solubilizing 60, 59, and 18 mg L À1 P (Table 1) . The results suggested that endophytes from PV roots and stems had greater ability in P solubilization, which was probably associated with P-solubilizing bacteria in the rhizosphere. Most P in soils is insoluble, resulting in low P availability to plants (Richardson et al., 2009) . Under P deficiency, P solubilizing bacteria are common in the rhizosphere (Mander et al., 2012; Oliveira et al., 2009) . By internal colonization, endophytes probably enhance P availability to the host plant (Compant et al., 2010; Rajkumar et al., 2009) . Overall, the endophytes in this study had more prominent PGP characteristics than those from Zhu et al. (2014) . Microbial PGP ability may be related to their metal resistance. In our study, PV plants and their endophytes grew in Ascontaining soil for 60 d, probably resulting in better PGP ability.
3.3. Root endophytes more resistant to AsV and leaflet endophytes more tolerant to AsIII
As-resistant endophytes were isolated from PV by incubation in modified LB agar media containing 10 mM AsV. To further measure their As tolerance, all 43 endophytes were inoculated to liquid media supplemented with 10 mM AsIII or AsV. Compared to agar media, As bioavailability is higher in liquid media (Huang et al., 2010) . All 43 endophytes survived in liquid media with 10 mM AsV (Fig. 3ACE ). Among these, 6 endophytes (R01, R06, R12, R15, S12, and L08) had greater growth than the control. It was unclear what promoted endophyte growth under As stress. Arsenic has been reported to promote PV growth, which has been attributed to Asinduced P uptake (Xu et al., 2014) . It was possible that some endophytes living in As-hyperaccumulators have adapted to high As stress (Idris et al., 2004) . However, some endophytes were still negatively impacted by As, with 51% endophytes showing 30% growth reduction, and 12% endophytes showing >50% in presence of AsV.
Similarly, all PV endophytes tolerated 10 mM AsIII in liquid media (Fig. 3BDF) . However, unlike AsV, all endophytes were inhibited by 10 mM AsIII with some reduction as much as 90%. Among endophytes, S09, L09 and R15 exhibited the greatest resistance, with <20% growth reduction. This was because AsIII is more toxic to bacteria than AsV as AsIII binds to thiol groups and deactivates enzyme activity (Kaltreider et al., 2001) . As a result, 19% endophytes showing 30% growth reduction, and 40% showing >50% growth reduction in presence of AsIII. When looking at the ability of bacterial resistance to AsV and AsIII, no relationship was found (Fig. 3) . While some endophytes (R15, S4, and L8) were tolerant to both AsV and AsIII, some (R3, S1, and L2) were intolerant to either AsV or AsIII.
In addition to their growth reduction under As stress, we compared their As tolerance among endophytes from different tissues. Based on their average growth (89 vs. 69 and 68%), the endophytes from PV roots were more tolerant to AsV than those from PV stems and leaflets (Fig. 3ACE) . However, in 10 mM AsIII, the leaflet endophytes had higher resistance than the roots and stems (59 vs. 50 and 52%) (Fig. 3BDF) , which was similar to Zhu et al. (2014) . This was probably attributed to As species in PV tissues, with AsV being dominant in the roots while AsIII in the fronds (Mathews et al., 2010; Xu et al., 2014) .
3.4. AsV reduction by endophytes was positively related to As resistance 10 endophytes from PV roots, stems and leaflets with different As tolerance were selected to examine their ability in As transformation of 10 mM AsV or AsIII (Fig. 4AB) . Six endophytes had higher resistance to AsV than AsIII while S9, S10, L01 and L02 were the opposite. Particularly, R15 from PV root grew well in both media, showing resistance to both AsIII and AsV.
Compared to the control, all endophytes were able to transform As but with varying ability. Among the 10 endophytes, R15 was the most effective in reducing AsV while L01 was the most effective in oxidizing AsIII, both at 15e17% (Fig. 4CD) . While S09, S10, L02, and L01 were ineffective in reducing AsV, R07, S12 and S13 were ineffective in oxidizing AsIII, all being <1% (Fig. 4C D) . Interestingly, S09, S10, L02, and L01 were not AsV reducers and they were more resistant to AsIII than AsV. The data implied that their As resistance may be related to their ability in AsV reduction.
The endophytes with limited ability in As transformation also showed limited growth in presence of 10 mM AsV or AsIII than others (Fig. 4AB) . Among 10 endophytes, R15 had the highest ability in both AsV reduction and AsV resistance (Fig. 4AC) . Similarly, endophytes with high AsV reduction grew well in AsV, which was supported by their positive correlation (R 2 ¼ 0.68), which is a typical mechanism for microbial As-resistance. In As-resistant bacteria, ArsC mediates the reduction of AsV to AsIII in the cytoplasm and subsequently AsIII is extruded from cells by ArsB, helping As detoxification (Rosen, 2002; Stolz et al., 2006) . Thus, the higher ability of PV endophytes in AsV reduction, the more resistant they were to AsV. However, there was no correlation between AsIII oxidation and AsIII resistance (data not shown). The results were different from Zhu et al. (2014) who reported both AsV reduction and AsIII oxidation by PV endophytes had positive relationship with As tolerance. However, in that research only few PV endophytes were used for the correlation analysis. Among the 10 endophytes, R15, R01, and L11 exhibited a dual function of AsV reduction and AsIII oxidation (Fig. 4CD) . It was probably because many AsIIIoxidizing bacteria had an ars operon to oxidize and reduce As (Kashyap et al., 2006; Macur et al., 2004) . In addition, the three most efficient AsIII oxidizers (L01, S09 and L02) were the least effective in AsV reduction. Among the three most effective AsV reducers (R15, S13 and R01), only S13 was the least effective AsIII oxidizer. Hence, it didn't seem there was a relationship between the ability of As reduction and As oxidation in those endophytes.
Conclusion
In this study, we isolated and characterized 43 As-resistant endophytic bacteria from the roots, stems, and leaflets of Ashyperaccumulator PV. A high diversity was observed including 4 phyla and 17 genera, with Proteobacteria and Actinobacteria being dominant. Among endophytes, Brevundimonas sp. was the main species in all three PV tissues. All endophytes had at least one PGP characteristics. Compared to the leaflets, the endophytes from PV roots and stems had higher ability of phosphate solubilization. In addition, all endophytes showed resistance to As. Particularly, 6 endophytes had greater growth in presence of 10 mM AsV than the control, probably due to As-stimulated growth. Furthermore, the endophytes from PV roots were more resistant to AsV while those from leaflets were more tolerant to AsIII. Bacterial resistance to AsV was positively correlated to their ability in AsV reduction but not AsIII oxidation. In addition, bacterial ability in As reduction was probably not related to their ability in As oxidation. Our data suggest that As-resistant endophytes may help plant growth in PV, thereby increasing its efficiency in phytoremediation of Ascontaminated sites.
